A commonly accepted concept holds that highly fertile, shallow soils are predominant in the Basaltic Hillsides of Santa Catarina State, in southern Brazil, but their agricultural use is restricted, either by excessive stoniness, low effective depth or steep slopes. Information about soil properties and distribution along the slopes in this region is, however, scarce, especially regarding genesis and clay fraction mineralogy. The objective of this study was to evaluate soil properties of 12 profiles distributed in three toposequences (T) of the Basaltic Hillsides in the State of Santa Catarina, two located in the valley of the Peixe River (Luzerna -T1 and Ipira -T2) and one in Descanso, in the far West of the state (T3). The main focus was the mineralogical composition of the clay fraction, identified by X-ray diffractometry (XRD), and its relations with the soil chemical properties. The morphological, chemical, and mineralogical properties of the soils of the toposequences differed from each other. In most soils, the position of the most intense XRD reflections indicated predominance of kaolinite (K) however, for being broad and asymmetric, a participation of interstratified kaolinite-smectite (K-S) was assumed. Soils of T2 and T3, located in regions with higher temperatures, lower water surplus, and lower altitude than those of T1, were more fertile, mostly redder, and contained higher proportions of smectites (S) and interstratified K-S mineral, accounting for a higher activity of the clay fraction of most soils. The T1 soils were generally less fertile, with lower clay activity and, aside from kaolinite, contained smectites with interlayered hydroxy-Al polymers (HIS). The low estimated smectite contents of the most fertile soils of all toposequences disagree with the high values of cation exchange capacity (CEC) and clay activity related to pure kaolinite soils. The broad and asymmetric reflections of most of the supposed kaolinites identified as dominant minerals indicate the presence of K-S interlayers, most likely contributing to raise the CEC of the soils.
INTRODUCTION
The area known as Basaltic Hillsides corresponds to little more than a quarter of the territory of Santa Catarina and consists of minor municipalities with small and medium-sized rural properties, whose main economic activities are agriculture and animal husbandry (Epagri, 2014) . According to a generalized widespread concept, the soils on the Basaltic Hillsides are predominantly shallow to not very deep and highly fertile, whereas their agricultural use is restricted by excessive stoniness, low effective depth or limitations due to steep slopes (Potter et al., 1998) .
The geology of the region is determined by the Serra Geral mountain range, recently reclassified in the category Serra Geral Group (Santa Catarina, 2014) , and composed of basic and intermediate lava flows that occurred approximately 120-135 million years ago in the Paraná Basin (Castro, 1994; Santa Catarina, 2014) . During and after the lava flows, the pedogenesis on the basaltic hillsides was strongly influenced by climatic variations in the late Pleistocene and throughout the Holocene, e.g., the occurrence of glacial and interglacial eras (Nakata and Coelho, 1986; Ledru, 1993) , forming the geomorphological unit of the Dissected Plateau of the Rivers Iguaçu/Uruguai (Santa Catarina, 2014) . The area has a predominantly rugged multilevel topography, delineated by the succession of lava spills, forming relatively young, narrow valleys with intense dissection, and dynamic relief (Bigarella et al., 1965; Leinz and Amaral, 1969) . Currently, these valleys have peculiar characteristics of specific microclimates (Sacco, 2010) , resulting in a great variety of combinations of different relief phases, which may cause differences in soil properties within small distances.
Mainly soils with fine texture were derived from the effusive rocks of the Serra Geral Mountain Range, with highly varied depth and colors, according to the other relief and climate conditions. The predominantly reported classes are Latossolos and Nitossolos (Oxisols) at sites with a flatter relief and Neossolos and Cambissolos (Inceptisols and Entisols) where the relief is more rugged (Embrapa, 2004) . The commonly observed mineralogy in the soils developing from these rocks is predominantly kaolinitic. However, some soils have a mineralogical composition in which 2:1 minerals and oxyhydroxides (mainly hematite and goethite) predominate (Kämpf et al., 1995; Paisani and Geremia, 2010; Pedron et al., 2012; Teske et al., 2013) .
Another relevant and common occurrence in the mineralogy of these soils are kaolinites with diffraction patterns different from the kaolinites generally found in other Brazilian soils. These kaolinites are characterized by broad and asymmetric reflections in the hkl 001 and 002 atomic planes, resulting in d 001 values equal to or greater than 0.72 nm, which may indicate interstratified minerals, mainly of the kaolinite-smectite type (Bortoluzzi et al., 2007; Teske et al., 2013) . In addition to the interstratified minerals, the description of 2:1 clay minerals with interlayered hydroxy-Al polymers, as those studied by Kämpf et al. (1995) , is very frequent.
Based on the assumptions of a relatively young age of the landscape, the mineralogical components of the originating rock, and the relatively high activity values of the clay fraction of most of these soils, the hypothesis of a considerable content of expandable clay minerals with high CEC in the clay fraction mineralogy was established. The objective of this study was to describe and characterize 12 soil profiles distributed in three toposequences of the Basaltic Hillsides of the State of Santa Catarina, with emphasis on an analysis of the mineralogical composition of the clay fraction, identified by X-ray diffractometry (XRD), and its relation to the soil chemical properties.
MATERIALS AND METHODS
The Basaltic Hillside region of western Santa Catarina is located mainly on spills of the basic sequence, which occurred between 120-135 million years ago, with predominantly Rev Bras Cienc Solo 2018;42:e0170086 basalts and phenobasalts from the Serra Geral Group (Santa Catarina, 2014) . From the geomorphological point of view, the region corresponds to the Dissected Plateau of the Iguaçu and Uruguay Rivers, cut by deep valleys with levelled slopes (Embrapa, 2004; Santa Catarina, 2014) .
Three toposequences, with different microclimates, of the western region of the state of Santa Catarina were selected. Four soil profiles representing different segments of the landscape were described for each (Table 1) . The first two toposequences were determined in the Peixe River valley (toposequence I, in the municipality of Luzerna, with Cfb climate and toposequence II, between the municipalities of Ipira and Peritiba, with Cfa climate); toposequence III was described in the Antas River valley, in the far west of the state, in the municipality of Descanso (Figure 1) , also under Cfa climate, but with a lower soil water surplus, since the average temperatures are higher, favoring evapotranspiration. The soil morphology of each profile was described as proposed by Santos et al. (2005) . After sampling, the material was air-dried, crumbled and ground, and the fraction <2 mm was separated by sieving to obtain the air-dried fine earth (ADFE) fraction.
Physical analyses
The particle-size distribution was determined after sample dispersion of the ADFE fraction with water and dispersant (NaOH 1 mol L -1
). The gravel, pebbles, and sand fraction was separated by wet screen sieving. The clay fraction was determined by the densimeter method and silt calculated by subtraction (Claessen, 1997) .
Chemical analyses
Chemical analyses included pH(H 2 O) which was determined by potentiometry; total organic carbon was determined by the Walkley-Black method (adapted) by oxidation of the organic compounds and quantification by the colorimetric method, according to Tedesco et al. (1995) . Contents of Ca 2+ and Mg 2+ were determined by plasma spectrometry Figure 1 . Image of the study area with the location of the municipalities where the three toposequences evaluated were described. ). Based on the contents of these elements, the following parameters were calculated: sum of bases (S), effective CEC, CEC at pH 7.0, base saturation (V). All these analyses were performed according to Claessen (1997) .
The SiO 2 , Fe 2 O 3 , and Al 2 O 3 contents were determined by plasma spectrometry after digestion by the sulfuric attack method, according to Claessen (1997) . From these contents, the Ki index [(SiO 2 × 1.70)/Al 2 O 3 ] was calculated.
Mineralogical analyses
The clay fraction of the sub-horizons of the main diagnostic horizons of each profile was analyzed by specific identification treatments of the component minerals. The preparation consisted of saturation of part of the samples with K (KCl) and with Mg (MgCl 2 ) solutions, removal of excess salts, and later oriented clay slides were prepared and air-dried. The dried slides of K-treated samples were subsequently heated to 100, 350, and 550 °C in a muffle oven, and readings performed after each heat treatment. After drying, the Mg-treated slides were placed in an ethylene-glycol-saturated atmosphere at 65 °C. The K-and Mg saturated and air-dried samples were analyzed in the angular range from 3 to 30 °2θ. The K-saturated and heat-treated, as well as the Mg-treated and ethylene-glycol-solvated samples of toposequences 1 and 2 were analyzed in an angular range from 3 to 15 °2θ, and those of the last toposequence from 3 to 40 °2θ. This procedure was adopted since in the first two, the objective was to investigate only possible changes in the position of the reflections of the 2:1-layer minerals that occur at the lower angles and, in the latter, possible changes that could occur at larger angles.
For the identification of the mineral phases, a Philips X-ray diffractometer (XRD) was used, with vertical goniometer and θ/2θ geometry, in the step-by-step scanning mode (0.02 °2θ), using the Cu tube and Kα radiation.
The results were interpreted based on the mineral-specific interplanar spacings, as proposed by Brown and Brindley (1980) and Whittig and Allardice (1986) . In order to compare the kaolinite reflection pattern of the studied soils with that of more crystalline kaolinites, a fine clay fraction sample of a sandstone-derived Oxisol was used as reference, with small width at half height (WHH). For the sample analysis, a cobalt tube was used. The minerals in the clay fraction were semi-quantified based on the relative area of the main reflection of each mineral, in relation to the total area of minerals present, using the "fit profile" option of software X'Pert Highscore Plus, version 2.2b (Panalytical B. V. Netherlands, 2006) .
RESULTS AND DISCUSSION

Toposequence 1
Toposequence 1 consists of four profiles (Table 1) : the first two (P1 and P2) are located on the higher altitude plateau, in the interfluvial slope and upper hillside, respectively, and correspond to a Nitossolo Bruno Distroférrico and Nitossolo Háplico Distroférrico (Santos et al., 2013) or a Humic Hapludox by Soil Taxonomy (Soil Survey Staff, 2014) . Both are dystrophic, with low CEC values at pH 7. The third profile [Cambissolo Háplico Ta Eutrófico -Typic Dystrudept (Soil Survey Staff, 2014) ] is located on middle altitude, in the third-level pediment, with a declivity of around 20 % and high CEC values at pH 7, as well as high sum and base saturation in the B horizon (eutrophic), being the youngest profile of this toposequence. The presence of gravel and pebbles in the soil mass is high (around 35 %), which, together with the weak granular structure and steep slopes restricts the use for annual crops. The fourth profile, classified as Nitossolo Vermelho Eutroférrico
Rev Bras Cienc Solo 2018;42:e0170086 [Humic Rhodic Eutrudox (Soil Survey Staff, 2014) ], was sampled in a middle-third slope position, at a lower altitude, also with high sum of bases and CEC at pH 7. However, the excessive amount of stones, both in the soil mass and on the surface, hampers soil use and management. In this toposequence, the soils are not only situated at higher altitudes (between 800 and 575 m from P1 to P4), but the shape of the valleys is also more open than in Toposequence II. The climate is colder, favoring a greater accumulation of organic matter, with more brown/yellowish-brown colors (hues 7.5YR and 5.0YR) prevailing in the first three profiles ( Table 2 ).
The mineralogical composition of the clay fraction was similar in most of the B horizon samples, with reflections at prevailing d-values around 0.720 and 0.360 nm, usually attributed to kaolinite, followed by less intense reflections (d value around 1,400 nm), indicating the presence of clay minerals of the 2:1 layer type, in some cases with interlayered hydroxy-Al polymers (2:1 HE) at higher or lower proportions (Figure 2 ). There were also weak reflections indicating aluminum oxide (gibbsite) (d =0.480 nm) and some related to the main reflection of iron oxyhydroxide goethite (d =0.410 nm).
In all samples, reflections with a mean d-value around 0.720 nm showed asymmetry at lower 2θ angles and a width at half height (WHH) ranging from 0.890 to 1.080 nm (Table 4 ). This suggests a kaolinite pattern different from that of other Brazilian environments, as described by Melo et al. (2002) in soils derived from sedimentary rocks of the Barreiras Group (ES), with WHH between 0.29 and 0.39. This asymmetry pattern along with high WHH values was observed in all soil profiles analyzed in this study, with varying degrees of intensity. These characteristics indicate the presence of interstratified minerals, possibly kaolinite-smectite (K-S) type, associated or not with kaolinites, according to Środoń (2006) and Ryan and Huertas (2009) . However, ethylene glycol impregnation, and/or heat treatments generally used to identify their presence (Ryan and Huertas, 2009) induced no modification in the reflection patterns at this position, indicating that the interlayer space of the expandable portion of the interstratification may be blocked with hydroxy-Al polymers (Delvaux et al., 1990; Bühmann and Grubb, 1991) . Thus, with the XRD tools alone, the type and proportion at which these interstratified minerals occur in the soil samples could not be identified. In the B horizon of profile 1 (Nitossolo Bruno -Humic Hapludox), there was a small shift of the 1.40 nm reflections to higher d values after ethylene glycol solvation and a reduction in the intensity of the reflections in relation to the Mg treatment. This indicates a slight expansion of some of the minerals, confirming the presence of an expansive mineral, probably smectite ( Figure 2 ). The K saturation-and heat) treatments to a 350 °C caused dilution of the reflections between 1.40 and 1.00 nm, indicating an irregular shrinkage of the layers, probably resulting from their differentiated occupation with hydroxy-Al polymers in the interlayers. Heating to 550 °C resulted in the definition of a broad reflection at a mean position around 1.050 nm, indicating smectites with interlayered hydroxyl-Al polymers (SIHP). A similar conclusion was drawn by Ryan and Huertas (2009) for soils with smectites in Costa Rica. The semi-quantification of the minerals suggested that SIHP correspond to approximately 15 % and the reflection in the position of plane 001 of "kaolinite" to 85 % of the clay minerals (determined from the relation between areas of the minerals shown in table 4). This large amount of low-load minerals conditioned the low values of the clay fraction activity in the B horizon (5.3-8.9 cmol c kg -1 ) (Table 3) . These values are therefore compatible with those generally attributed to kaolinite, suggesting that the presence of hydroxyl-Al polymers, both in SIHP and in the 2:1 layers of interstratified K-S, possibly present in association with kaolinite, lead to drastically lower CEC values in these minerals than their pure counterparts, consequently contributing very little to an increase in soil CEC. Rev Bras Cienc Solo 2018;42:e0170086 ; H+Al extracted with calcium acetate pH 7 buffered and determined by titulometry; CEC pH 7 = S + (H+Al); S = sum of bases; T = clay fraction activity, determined by the formula T = (CEC pH 7/clay) × 100 ; V = base saturation; nc = not calculated.
Rev Bras Cienc Solo 2018;42:e0170086
In the B horizon of profiles 2 (Nitossolo Háplico -Humic Hapludox) and 3 (Cambissolo Háplico -Typic Dystrudept), the diffractogram pattern is similar to that of profile 1, differing only by the lower expression of the main gibbsite reflection and lower intensity of the reflections around 1.400 nm in P3 (Figure 2) . The complete dilution of the reflections between 1.00 and 1.40 nm in the K-treated samples heated to 350 °C in P2, combined with the incomplete shrinkage of the layers by heating to 550 °C, both in P2 and in P3, indicates that the expandable 2:1-layer phyllosilicates have interlayered hydroxy-Al polymers (Barnhisel and Bertsch, 1989) , which means that they are probably SIHP, as interpreted based on studies of Ryan & Huertas (2009) . However, the amount of Al polymers in the P3 sample appears to be smaller, since the reflection is better defined and has a mean value at a position closer to 1.005 nm.
In the B horizon of profile 4 (Nitossolo Vermelho -Humic Rhodic Eutrudox), intense reflections, corresponding to diffraction in the hkl planes 001 and 002 of kaolinite (0.723 and 0.355 nm), together with the absence of reflections in the interval between 1.00 and 1.40 nm in the Mg samples, glycolation, K-and heat (25 to 350 °C) treatments, apparently indicate that kaolinite is the only clay mineral present. However, heating of the potassium sample to 550 °C, apart from resulting in the disappearance of the reflection of kaolinite (at 0.723 nm), generated a broad and asymmetric reflection with an average position around 1.005 nm, indicating that 2:1 expandable minerals, with hydroxy-Al polymers, are also present. An explanation for the lack of definition of the reflections around 1.40 nm in the Mg-saturated sample read at room temperature is that the filling of the interlayer spaces with polymers by these phyllosilicates is most likely irregular, behaving as an interstratified mineral of the mica-smectite or mica-chlorite type. On the other hand, in almost all samples of these profiles, the reflections of the assumed kaolinite are broad and strongly asymmetrical; this pattern may indicate the presence of interstratified minerals, possibly of the kaolinite-smectite type, in association with kaolinite. The presence of interstratified kaolinite-smectite in basalt-derived Nitossolos and Latossolos in southern Brazil was recently confirmed based on the analysis of crystallographic parameters and identification techniques of interstratified minerals using software Newmod (Testoni et al., 2017) .
The mineralogical composition of the samples of profiles of this toposequence is therefore little compatible with the activity values of the calculated clay fraction (Table 3 ). This may be due to the following main reasons: the profiles with highest clay activity in the B horizon, in descending order, are P3 (33 cmol c kg -1 ), P4 (16.4 cmol c kg -1 ), P2 (14.3 cmol c kg -1 ), and P1 (5.28 cmol c kg -1 ). In P3, the presence of 2:1 layer clay minerals was not clearly evident, except after the heat treatment at 550 °C; in P1, with the lowest activity, the amount of these minerals was highest, although they are 2:1 minerals with a high amount of hydroxyl-Al, which may reduce the CEC drastically in relation to their pure counterparts. Thus, the hypothesis is plausible that the CEC of most of these soils is, in some way, due to the participation of 1:1-2:1 interstratified minerals in association with kaolinite.
Toposequence 2
Toposequence 2 is located at altitudes slightly lower than toposequence 1 (Table 1) , with higher temperatures and higher evapotranspiration. The valley in which the profiles were collected is more closed, forming narrow ledges, which favors intense colluvial deposition, described mainly in profiles 6 and 7 (Chernossolo and Argissolo, respectively, Typic Argiudoll). All profiles have a reddish-brown color, reflecting the comparatively warmer climate than of toposequence 1 ( Table 2) . The values of sum and base saturation, clay fraction activity, and pH were higher than in toposequence 1, in addition to the absence or low quantity of exchangeable Al, resulting in the formation of chemically more fertile soils, even in profile 5 (Nitossolo Vermelho -Humic Rhodic Eutrudox) located in the interfluve position (Tables 2 and 3 ). The soil corresponding to profile 8 (Neossolo Litólico -Lithic Udorthents), located at lower altitude than the other soil profiles of this toposequence, and in the lower third of a steep slope (d =35 %), although containing a contribution of colluvial material, is very prone to losses by water erosion, forming constantly renewed soil. In this sense, the limiting factors for an intensive exploitation of the soils of this toposequence are physical, consisting both of the presence of rocks, and the high slope degree, and in the case of profile 8, of the small thickness of the soil profile.
The main mineralogical differences between the soils of this toposequence and the first, are expressed in the type and quantity of clay minerals present in the clay fraction. The predominant mineral appears to be kaolinite (most intense reflections with d values around 0.72 and 0.36 nm). However, these reflections are very wide and asymmetrical, resulting in high WHH values (1.07 to 1.40 °2θ) (Figure 3) , indicating the contribution of interstratified minerals of the kaolinite-smectite type. In addition, there is a small expression of reflections at d values around 1.00 and 1.40 nm, particularly in samples of the horizons of profiles 5, 6, and 7 (Figure 3) , apparently indicating the absence of expandable or non-expandable 2:1 layer minerals. In P8 samples, the presence of 2:1 minerals is more evident.
In profile 5 (horizon A), the reflections with larger area and expression occur at d values around 0.72 and 0.36 nm (Figure 3 ), but they are broad and asymmetrical, possibly indicating kaolinite in association with interstratified kaolinite-smectite, as evidenced by several authors analyzing younger basalt-derived soils (Bühmann and Grubb, 1991; Vingiani et al., 2004; Teske et al., 2013) . The presence of goethite is indicated by the reflection at 0.417 nm. A small background rise in the region around 1.405 nm, coupled with dilution of this reflection towards lower 2θ angles after glycolation, indicates a low smectite content in the sample. The confirmation of the expansive character of this mineral is clearest in K-saturated samples heated to higher temperatures, where a reflection around 1.0 nm is very evident. However, after heating to 550 °C with the disappearance of kaolinite reflections, the formation of a plateau in the left portion of the 1.00 nm reflection was observed, attributed to the contribution of interstratified kaolinite-smectite (Wilson and Cradwick, 1972) .
The sum of the kaolinite and interstratified kaolinite-smectite, plus the small relative amount of 2:1 minerals observed help to explain why this soil has a clay fraction activity exceeding 20 cmol c kg -1 , but not higher than 27 cmol c kg -1 (Table 3) . If the reflections at 0.72 nm were interpreted as due only to kaolinite, the small portion of identified 2:1 minerals would not be sufficient to explain why the clay fraction activity is so high, for being much higher than the reference standard for most kaolinites (Singh and Gilkes, 1992) .
The mineralogical pattern of profiles 6 and 7 was similar (Figure 3 ). There is greater asymmetry of the reflection of 0.720 nm in relation to P5, both of the K and Mg treatments. In the Mg-saturated samples, although the reflections of 2:1-layer minerals are not clearly expressed in the diffractograms, there is a slight elevation of the background in the region between 1.30 and 1.40 nm, indicating their presence in small quantities.
In the P6 sample, this elevation dilutes towards the lower 2θ angles after glycolation and in P7, a weak reflection is formed at d ≈1.761 nm, confirming the expansive character of these minerals and the presence of smectites. In K-saturated samples heated to 350 °C, symmetrical reflection occurs around 1.00 nm, indicating minerals with little or no Al in the interlayers. When heated to 550 °C, aside from the disappearance of the kaolinite reflection, a reflection at around 1.00 nm was observed, resulting from polymer dehydroxylation, but maintaining a "plateau" or shoulder toward the lower 2θ angles, indicating non-regular interstratified K-S (kaolinite-smectite) (Wilson and Cradwick, 1972) . In the first three profiles of toposequence 2, the mineralogical composition of the clay fraction is therefore similar, with predominance of kaolinite, in association with interstratified K-S. Although smectite could be present, its semi-quantification was not possible, considering the absence of definition of reflections of this mineral (d ≈ 1.40 nm) in the Mg samples. In the B horizon of the Chernossolo profile (P6 -Typic Argiudoll), clay activity was high (2Bt2 >40 cmol c kg -1 ), while in the subhorizons B of profiles 5 and 7, these values were less than 30 cmol c kg -1 , but still high (Table 3) . Therefore, these relatively high CEC values are not compatible with soils with no or very low amounts of 2:1-layer minerals, but are consistent when taking the presence of interstratified K-S in association with kaolinites into account.
In the diffractograms of profile 8 (Neossolo Litólico -Lithic Udorthents) ( Figure 3 ) the broadest and most asymmetric reflections of all studied soils were observed in the kaolinite position (Table 4) , indicating a more significant participation of interstratified kaolinite-smectite. In the Mg sample, a weak reflection at d ≈ 0.991 nm was also observed, indicating micas or illites, as well as another more intense reflection at d values between 1.30 and 1.40 nm, increasing to d values ≈ 1.725 nm in the treatment with ethylene glycol, confirming the expansive character of this mineral. When smectite peaks do not follow a rational series (absence of reflection 003, at d =5.00 nm, for example), and when the glycolation treatment promotes shifting of the reflections to values above 1.70 nm, as observed, this indicates the presence of interstratified K-S (Bühmann and Grubb, 1991; Righi et al., 1999) . This higher content of smectite and interstratified kaolinite-smectite explains, therefore, the high CEC and clay activity values of this soil (Table 3) .
Toposequence 3
The soils of toposequence 3 are located at lower altitudes, developing under warmer microclimate conditions and with lower water surplus than those of the previous toposequences (Table 1 ). The valleys in this region are more open, with medium-sized slopes, but with steep declivity (between 10 and 30 %). In this toposequence, the sequence of descriptions was initiated with the profile of the valley bottom (P9 -Cambissolo Háplico -Dystric Eutrudept), followed by two protruding profiles of the footslope and the middle third of the slope (P10 -Chernossolo Argilúvico and P11 -Cambissolo Háplico -Typic Argiudoll and Dystric Eutrudept, respectively) and finally the interfluve profile (P12 -Nitossolo Vermelho -Humic Eutrudox). All toposequence soils had high values of pH, sum and base saturation, being eutrophic, but with physical restrictions to intensive agricultural use, due to the accentuated slopes, as well as the large volume of stones in the soil mass, particularly in profiles 10 and 11.
The mineralogical composition of the soils of profiles 9 and 11 (Cambissolos Háplicos Eutroférricos -Dystric Eutrudepts) was similar, with more intense reflections at d values around 0.726 and 0.356 nm. However, the reflections are broad and asymmetric, indicating a probable participation of interstratified kaolinite-smectite in association with kaolinite ( Figure 4 ). Reflections at 0.416 nm were also observed, indicating goethite. In the samples treated with Mg, a reflection occurred around 1.5 nm in profile 9 and the background elevation formed a band near this value in profile 11, shifting to d values around 1.70 nm after glycolation, suggesting smectites. However, a high level was maintained as of this value, a feature which, as already mentioned, indicates the participation of interstratified K-S. Heat treatments at the highest temperatures shifted the reflections from d ≈ 1.50 to 1.00 nm, confirming the expansive property and absence or low number of hydroxyl-Al polymers in the interlayers of the smectite mineral, although their content is very low in these soils. As clay activity was high in both soils (T >40 cmol c kg -1 ) (Table 3) and since a very low quantity of smectite was identified, the high CEC of these soils is possibly due to the expressive participation of interstratified K-S.
In the B horizon of the soil of profile 10 (Chernossolo Argilúvico -Typic Argiudoll), the most intense reflection occurred at d ≈ 1.583 nm in the Mg sample, which shifted to 1.779 nm at the point of greatest sharpness, maintaining a "shoulder" in the direction of the smaller angles. This pattern indicates smectites, the dominant mineral in the clay fraction of this soil, with a probable contribution of interstratified K-S. The presence of this latter mineral is confirmed by the wide and asymmetric reflection at d ≈ 0.719 nm, probably in association with the small amount of kaolinite. The CEC was highest in this soil, resulting in a very high clay activity, compatible, therefore, with the observed mineralogy.
The most intense reflections in the Mg-saturated sample of profile 12 (Nitossolo Vermelho -Humic Eutrudox) occurred at d ≈ 0.722 and 0.358 nm, followed by a less intense reflection around 1.376 nm (Figure 4 ) that may indicate, respectively, kaolinite and 2:1-layer minerals. There was no change in the position of the 1.40 nm reflections of the Mg-treated compared to the ethylene glycol-solvated samples, so they may indicate either smectites or vermiculites with interlayered hydroxy-Al polymers. After the gradual heating of the K-saturated samples, a reflection formation around 1.356 nm at 350 °C was observed and a great dilution of the reflections between 1.00 and 1.40 nm, forming a plateau with an elevated background, which refer to SIHP, and higherorder peaks of non-regular interstratified K-S-type minerals, as previously discussed. The reflections at d ≈ 0.722 nm have a strong asymmetry at lower 2θ angles, albeit to a lesser degree than in the previous profiles. Since there was no change in the position of the reflections in this region due to heating or glycolation treatments, this behavior indicates that the interstratified K-S have hydroxyl-Al polymers in the interlayer spaces, as described by Bühmann and Grubb (1991) . Considering these results, the presence of SIHP, together with K-S interstratified with hydroxyl-Al polymers, although occurring in significant quantities, probably contribute little to the increase of CEC in this soil (clay fraction activity in the B2 horizon 14.04 cmol c kg -1 ), i.e., compatible with the observed mineralogy. This Nitossolo Vermelho (Humic Eutrudox) is located in a top elevation position, where vertical water flows are more intense, which probably favors a higher soil weathering degree, and therefore a clay mineralogy differentiated from the other soils. The greater evapotranspiration of the region, conditioning a water balance with a lower volume of surplus water, however, seems to have been favorable for the preservation of a sufficient quantity of bases to maintain the eutrophic character of the soil.
Supposedly, the strong asymmetry in the kaolinite reflections, discussed extensively above and shown in detail in the two soil profiles (Figure 5 ), indicates the presence of interstratified kaolinite-smectite. Comparing the different diffractograms, particularly the region of kaolinite reflections (between 10 and 14 °2θ), great variation in the width at half height (WHH) of the kaolinites of the different soils was observed. For the kaolinites with higher crystallinity of sandstone-derived Latossolo Vermelho (Figure 5a ) used for comparison, the reflection in plane 001 is symmetric, (WHH = 0.38 °2θ). However, for the case of the two studied soils, less or more accentuated asymmetries were observed (Figure 5b and 5c, respectively), with far higher WHH values when calculated from the "medium" reflection shape. In the samples with more asymmetrical reflections, the WHH values were 0.96 and 1.24 °2θ, respectively, for Nitossolo Vermelho and Neossolo Litólico. These values are much higher than those generally cited for kaolinites in the literature and in comparison to the sample used as a reference ( Figure 5 ). When the three diffractograms are inserted simultaneously for comparison (Figure 5d ), the differences in the reflection pattern of the supposed kaolinite appear with greater clarity. This pattern, although already mentioned as indicating the presence of interstratified K-S in many environments, in particular in basalt-derived soils (Bühmann and Grubb, 1991; Vingiani et al., 2004) , is often ignored during interpretation, and will require more attention in the future.
The evolution degree of the soils of the third toposequence is the lowest of the three, possibly due to the lower water surplus in this region, favored by the higher temperatures in the far west of Santa Catarina, increasing potential evapotranspiration. The active elements of the climate, notably precipitation, evapotranspiration, and temperature, which influence the leaching flows, have a marked influence on the mineralogical composition and consequently on the chemical fertility of the soils. These conditions are responsible for the formation and persistence of larger amounts of smectite and interstratified K-S, as well as greater preservation of bases in the soils of this toposequence.
The precipitation -evapotranspiration balance, establishing a water deficit or excess (surplus water), is fundamental to the understanding of the current or past processes of soil differentiation (Kämpf and Curi, 2012) . In this sense, in spite of a certain homogeneity of rainfall on the basaltic hillsides, the mean temperature variations that affect evapotranspiration can promote a higher or lower water surplus in the soil, thus facilitating or limiting leaching flows, influencing the mineralogical composition and chemical reserve of soils. This may explain the significant differences observed between the mineralogical composition and soil fertility of toposequences 1 and 2, both situated in the Peixe River valley, within a distance of a little over 45 m in a straight line. Fifty percent of the soils of the former are dystrophic (P1 and P2), while the latter are all eutrophic, with higher values of sum (S) and base saturation (V) ( Table 3 ). The soils of the second toposequence are situated closer to the Uruguay river channel, where average temperatures are higher, thus favoring a lower amount of surplus water in the soils.
The relief, on the other hand, is also a conditioning factor of the water flows. Long, soft slopes generally favor internal vertical water flows; on the other hand, steep slopes stimulate horizontal flows, mainly those on the surface, favoring erosive processes that lead to the formation of shallower soils, such as the Neossolo Litólico (Lithic Udorthents) of toposequence 2 and Cambissolos (Inceptisols) of the other toposequences.
CONCLUSIONS
In all studied soils of the three toposequences, the mineralogical composition in the clay fraction was similar, with predominance of minerals with main reflections in the kaolinite position, followed by varying proportions of smectites with or without interlayered hydroxy-Al polymers, goethite and/or hematite and very little or no gibbsite.
The reflections in the kaolinite position are broad and asymmetrical in most samples, indicating that the dominant minerals are composed of a mixture of kaolinite-smectite (K-S) and kaolinite.
The soils situated in toposequences 2 (Ipira) and 3 (Descanso) are more fertile and have a higher clay fraction activity than those of toposequence 1 (Luzerna), incompatible with the small amounts of 2:1-layer phyllosilicates identified by XRD and have been interpreted as being due to the contribution of interstratified K-S in association with kaolinites.
The clay fraction mineralogy and the chemical fertility of the soils was shown to be related to the climatic variations between the sites of the different toposequences, where the smaller water surpluses in toposequences 2 and 3 were less favorable for leaching and weathering.
